published his observations on the photoinactivation in vitro of indoleacetic acid (IAA) by riboflavin (RFN) and this result was subsequently used by Galston and Baker (11) to explain the different behaviour of etiolated pea stem segments in light and darkness when grown in media containing IAA and RFN. It was reported that the elongation of these segments was promoted in darkness but inhibited in the light (11, fig 1, and table 1, p. 774). They considered, but found no evidence for, the sug- 1 Received August 1, 1956. gestion that the observed behaviour of the pea segments was due to photodecomposition products of riboflavin and concluded that ". . . riboflavin exerts its inhibitory effect on growth by sensitizing the photoinactivation of auxin or some other growth factor...." They found that native auxin from coleoptiles, collected in agar blocks by diffusion, was inactivated bv added riboflavin in the light, and also that IAA was inactivated by a concentrated pea brei. Examining the matter further they showed that the action spectrum for phototropism was similar to that for the inactivation of IAA by riboflavin in vitro. While they appreciated that the spectrum for phototropism was similar to the absorption spectrum for carotene, the accumulated evidence was considered sufficient to warrant the theory that riboflavin is a major photoreceptive agent causing the inactivation of auxin in both light-inhibited extension growth and phototropic phenomena.
Although light-inhibition of elongation and phototropism have both been referred to changes in auxin metabolism they seem in some respects to be different phenomena, e.g., extension growth of stems is most effectively reduced by red light (24, 32, 33) but is affected by blue light only slightly (32) whereas phototropic responses are most readily evoked by blue light and hardly at all by red light (10) . Again phototropic perception does not take place under anaerobic conditions (1) but under these conditions illumina- (fig 1 A) . The lower part (w) contained two short slips of filter-paper and was partially filled with culture solution (KH2PO4, 0.3 gm; Ca(N03)2, 0.94 gm; MIgSO4, 0.49 gm; KNO3, 0.3 gm; distilled water 1000 ml). The upper tube (y) was attached by a short length of silicone-rubber tubing (x). Before use the cylinders were sterilized; then opened under a sterile hood to plant a spergon-dusted seed between the filter papers; the upper tube was then replaced. After four days growth at 240 C in a thermostat, the length of the coleoptile was measured through the glass and the upper tube was pulled off so that the mesocotyl could be cut just above the seed by pulling the plant against a sterile knife blade (k) mounted on a stand (fig 1 A) . The plumule, which remained in the upper glass tube, was transferred aseptically to a numbered test-tube containing the test solution in the inner tube (z, fig 1, B and C) . A thread tied at the constriction passed out of the testtube so that removal of the plug pulled up the inner tube and the plumule could be fed into it. The inner tube and plumule were then slowly lowered into the test-tube, which was replugged. If the plumule touched the inside of the test-tube it adhered to the glass and the inner tube descended without the plant; with practice, however, this was avoided. Thus the coleoptile itself was not immersed in the solution, which entered the plant via the transpiration stream.
The transferences and initial measurement of the coleoptile in each numbered tube were carried out in dim orange light, and after remaining for two hours in darkness those plants to be treated were illuminated for one hour (100 ft-c). All The concentration of IAA and RFN (1 ppm) used in these experiments was that found to be effective by Galston and Baker (11) for pea epicotyl segments. In the absence of similar effects in these experiments further work was undertaken with IAA and riboflavin separately to find effective concentrations which could later be used in a composite experiment.
Experiments with IAA Alone: A range of concentrations from 100 ppm to 0.1 ppm were used but significant effects were only found with the higher concentrations. The result of an experiment employing 100, 50, 25, 0 ppm is recorded in table II together with the analysis of covariance.
The effect of increasing the concentration of IAA is apparently to decrease the growth of the coleoptile. Quite apart from the variation in initial length the increments show a step-wise decrease as the concentra-tion increases. This result agrees with that recorded by Avery and La Rue (2), who similarly found a reduction in growth when IAA was applied to cut-off coleoptiles through the exposed basal surface. In all these experiments the increment of growth was obtained three days after the beginning of treatment, but in the following experiment daily increments of growth were observed in case a transient effect of riboflavin was escaping observation. The result is recorded in table III.
These data again show neither an effect of riboflavin nor an interaction with light.
Entry of Riboflavin into the Plumule: In view of the failure to detect an unequivocal effect of riboflavin on the growth of the coleoptile its entry into the plumule was directly determined. Plants were cut off as described and dipped into a solution containing 60 ppm of riboflavin (in phosphate buffer pH 6.8 with 2 % sucrose). After treatment for 2 or 24 hours in darkness they were dissected into three parts These results show that in a 2-hour application riboflavin did not reach the coleoptile but remained in that part of the plumule actually immersed in the solution. In 24 hours, however, the content of -all parts of the seedling had increased.
The failure therefore to detect the effects of riboflavin on growth was due to the use of a 2-hour pretreatment period, for in this time riboflavin did not reach the coleoptile. This slow movement was in marked contrast to the behaviour of eosin, which reached the tip of the coleoptile in 2 to 3 minutes. It was erroneously assumed that riboflavin similarly applied would travel as fast and that 2 hours would therefore provide ample time for it to pervade the tissues.
In 24 hours, however, the riboflavin content of the coleoptiles had increased considerably. It might be expected therefore that its prolonged application in darkness would lead to a promotion of growth as recorded by Galston and Baker (11) . In this connection some of the results already mentioned may be reconsidered, particularly those referring to the plants treated with riboflavin in darkness. Although these plants were supplied continuously with riboflavin during the 3-day growing period, they showed no promotion of growth. Also, the plants whose measure- ments are recorded in table III were treated for 1 to 6 days, but these, too, showed no significant growth promotion. Nor did they display a depression which usually follows the administration of metabolically active substances in grossly supraoptimal concentrations. It would appear therefore that riboflavin does not readily enter the protoplast.
The very large effect of light which appeared in all these experiments requires further consideration. From the foregoing statements its depressant effect on growth cannot be due to variation in riboflavin content and it must consequently be due to some other factor. All the accumulated data were therefore re-examined, in particular the relation between the increment of growth and the initial length of the coleoptile. The 224 indlividual observations of experiment 1 (table I) separated into light and dark sets are shown plotted in figure 2. It is clear that the initial length of the coleoptile is an important factor in determining the growth increment after a short exposure to illumination. Moreover, in darkness there is a positive correlation between the measurements (slope = 0.178) while after illumination the correlation is strongly negative (-0.539). As the slopes of these regressions are significantly different (t =7.8) a strict covariance analysis is illegitimate.
This discrepancy between illuminated and dark plants is a matter of some importance in connection with the use of tissue segments for such experiments.
By cutting sections of uniform length from a variable plant population the effect of the initial length of the plant on the subsequent growth of the segments can-ILLUMINATED not be determined and no correction can be made for differential responses in light and darkness.
An explanation of this different behaviour may be tentatively made on the lines suggested by Thompson (29, 30) namely that the longer coleoptiles are more mature, and as the effect of light is to hasten maturity they consequently elongate less than shorter coleoptiles which are less mature.
Alternative Methods of Raising the Riboflavin Content of Coleoptiles: 1) Charles (5) has directed attention to the slow movement of basic dyes and of some antibiotics into leaves whose cut petioles were immersed, in solutions of the substances. He attempted to explain the phenomenon by suggesting that the xylem walls were negatively charged so that positively charged molecules would tend to be retained. Sinmilar results have been reported by Crowdy and Pramer (6, 7) and Pramer (25) .
With a view to facilitating the movement of riboflavin in oat plumules an experiment was carried out with a riboflavin solution buffered to pH 9.5. The plants were grown as previously described and the severed plumules were dipped into a solution of riboflavin (60 ppm) for 2 or 24 hours in darkness. Some plants were then assayed for flavin content while others were exposed to light (100 ft-c) for one hour, yet others remaining in darkness as controls. The data appertaining to the 2-hour pretreatment are not quoted as no effect on growth was found.
Because of the inapplicability of a strict covariance analysis already mentioned the data for the illuminated and dark sets of plants were analysed separately, and the interaction between riboflavin and light was evaluated by a t test.
The effect of illumination is immediately apparent from the figures; it will also be seen that there was no effect of riboflavin on growth nor an interaction with light. The absence of an interaction could not have been due to lack of riboflavin in the coleoptile, it must be attributed either to the failure of riboflavin to penetrate the protoplast or, if entry did occur, to the absence of a reaction with the naturally occurring auxin.
2) Oat and wheat plants were grown in a culture medium containing 60 ppm of riboflavin for 5 days. These results show that riboflavin applied to the seedlings in this way failed to reach the coleoptiles; in all probability it failed to enter the plants at all, as the high value was most likely due to the adsorption of riboflavin on the external walls of the root system.
THE GROWTH OF WHEAT COLEOPTILE SEGMENTS
It has been shown that riboflavin moves slowly in the xylem of oat plumules and that it fails to influence the growth of the coleoptile.
If it be true as Charles (5) suggested that slowly moving molecules are bound by electric charges to the xylem walls, there is a high probability that once attached they remain so and do not enter the protoplast, even though as a result of immersion the tissue shows a high content of the particular molecule. It was thus important to repeat the previous experiments using segments of tissue actually immersed in the solutions, as was done by Galston and co-workers (11, 14) . MATERIALS AND METHODS: Wheat (var. Pedigree) was used for these experiments. The plants were grown for 4 days at 240 C, continuously swept with air (purified by passing it through an activated-carbon filter) saturated with water vapour. From each coleoptile a single 10-mm segment was cut after discarding a 3-mm tip section. The segments were prepared in dim red light and distributed 5 at a time into small specimen tubes containing 0.5 ml of the test solution.
The tubes were then rotated on a klinostat (20) for a 3-hour pretreatment period in darkness, after which those to be illuminated were exposed for 0.5 to 1 hr to white light (400 to 500 ft-c). During exposure the segments were measured to provide information on their extension during pretreatment. After exposure the tubes were returned to the klinostat for a total treatment and the data were analysed statistically in two ways, a) using total increment and b) post-illumination increment only, by making the assumption that the increment of growth during the pretreatment period was uniform among replicates within treatments.
For convenience and also to economise material the experiments were executed at the same time. The data for the controls and RFN (1 ppm) were therefore common to the two experiments.
RESULTS: The result of one such experiment is shown in tables VII and VIII. In table VII are recorded the increments in the different concentrations of riboflavin. It will be seen that they were slightly less than the increment in the control solution, but there was neither a significant effect of riboflavin nor an interaction with light.
The post-illumination increments of the illuminated segments are of some interest because they did not differ significantly from the increment of growth of the control segments. Thus uniform growth was shown which implies uniform auxin content, so that inactivation of the native auxin by the riboflavin absorbed from the medium during pretreatment could not have taken place upon illumination. This leads to the conclusion that the applied riboflavin either did not enter the cells, or if it did, then it failed to react with the native auxin.
The result of the factorial experiment (± IAA ± RFN ± Light) is shown in table VIII. The data for total increment are directly comparable with the corresponding treatments in Galston & Baker's experiments, except that they mention no pretreatment in darkness nor do they include data on the growth of pea epicotvl segments in a medium containing riboflavin alone.
Two features call for comment: the significant effect of riboflavin and the interaction between IAA and light.
In the concentration series already discussed ( The results thus show a strongly promotive effect due to IAA, a strongly inhibitory effect of light and no effect unequivocally attributable to riboflavin; first and second order interactions, upon analysis, all failed to reach significance.
ON THE PHOTOLYSIS OF IAA IN VITRO
The papers of Galston and co-workers (9, 10, 11) leave little doubt that they consider riboflavin to be important in growth and phototropic phenomena as an agent causing the destruction of IAA in light. Subsequently the role of riboflavin was attributed to a flavoprotein system and peroxidase and this led to the investigation on IAA-oxidase (12, 13) . The validity of the flavo-protein hypothesis has been questioned by Kenten (22) who has shown that when the very powerful IAA oxidase found in the wax-pod bean was inactivated by the removal of its prosthetic group its activity was not restored by the addition of either riboflavin, flavin mononucleotide (FMN) or flavineadenine-dinucleotide (FAD). Further, Goldacre (16) using chromatographic techniques, has shown that the photoclastic activity of pea extracts with respect to IAA is confined to spots which do not correspond in position with riboflavin.
Further experiments were therefore carried out with a variety of flavin derivatives. MATERIALS AND METHODS: IAA solutions were used at a concentration of 25 pgm/ml, to which was added 1 ppm of riboflavin, FMN, lumiflavin (LFN), acriflavin (AFN) or picric acid. Corresponding solutions were kept in darkness or exposed continuously to white fluorescent light (100 ft-c), and aliquots were withdrawn at intervals for the determination of IAA content by the Salkowski reaction (28) . The maximum reading was obtained by observing the development of the pink colour at minute intervals on a EEL colourimeter with a 625 green filter. In the tests with RFN and FMN microbiological assays were also carried out. The IAA and riboflavin used was supplied respectively by British Drug Houses Ltd. and La Roche, but lumiflavin was prepared as described by Warburg & Christian (32) , and it was used at approximately 1 ppm. The concentration could not be (27) . RESULTS: The results of these experiments are recorded in table IX in which the content of IAA is given as a percentage of the initial content, and the flavin content in ugm/ml.
These results show that LFN and FMN were almost as active as was RFN in phytolysing IAA. Picric acid was very much less effective, if at all, and AFN another yellow, fluorescent material with a structure akin to riboflavin, but unlikely to occur naturally, was also highly effective. Thus IAA appears to be inactivated in vitro by many substances (8) .
Although the major part of the IAA was decomposed in 1.5 hrs, under the conditions used, the analyses show that the flavins were hardly destroyed in this time; after 18 hours, however, there was almost total decomposition.
It may also be noted that for microbiological assays FMN was just as suitable as a source of riboflavin as was this substance itself. As the response was not modified by the presence of IAA and the photodecomposition products, it would appear that L. casei differs in this respect from L. arabinosus (15) . DISCUSSION In addition to the difficulties noted in the introduction of interpreting phototropic reactions in terms of known effects of light on extension growth further impediments to the acceptance of the "riboflavin theory of photoperception" emerged as this work progressed.
The theory as originally stated suggests that riboflavin inactivates auxin in the light and consequently the presence of free riboflavin in the cell is essential for the reaction to occur.
Galston and Baker (11) assayed Avena coleoptiles (the 1-mm tip and two succeeding 5-mm segments) and found a content of about 30 ,ugm/gm dry weight, which they regarded as free riboflavin. This cannot be so; it must be an estimate of total flavin, free and combined and this contention is supported by the finding that L. casei can utilize FAIN. Bessey A difference between the in vitro and in vivo behaviour of riboflavin may also be mentioned. When riboflavin is illuminated in vitro it is decomposed, but when plants are illuminated their "riboflavin" content increases (17, 18, 19) . If in vivo flavins behaved towards IAA as they do in vitro, plants exposed to continuous light could not grow. Again, in animal tissue (rat retinae) "flavin" is stable to intense and prolonged illumination (3) .
Thus the reference of this in vitro reaction to the cell is not a direct and simple mnatter.
As already stated the initial object of this work was to infiltrate coleoptiles with riboflavin, and then to test their phototropic sensitivity. travelled slowly in the xylem, were held on the vessel walls by negative charges. As negatively charged molecules should then travel freely an attempt was made to infiltrate coleoptiles by using a riboflavin solution at pH 9.5. This too was unsuccessful.
The absence of effects on growth in these experiments suggested that RFN might not penetrate the cell and further experiments using wheat coleoptiles, also showing no effects on growth, reinforced this opinion.
It was thus impossible to reconcile these findings with Galston and Baker's results which showed that RFN was stimulatory in darkness and inhibitory in the light, for penetration and subsequent action in a metabolic sequence affecting growth is implicit in the meaning of the words "stimulatory" and "inhibitory."
Their data (11, (table  IX) . Subsequently in darkness growth of the segments proceeds due to the continued presence of the native auxin. These segments, however, grow less than similar ones in a medium containing IAA but no riboflavin because here the IAA remaining in the solution at the end of the pretreatment period is not completely inactivated during illumination (14) and it is thus available during the post-illumination period. This explanation accounts for the fact that the postillumination increments in the control, RFN, and IAA + RFN solutions are not significantly different from each other, while those in IAA alone do differ significantly from the controls (table VIII) .
It will now be apparent that Galston & Baker have employed "inhibition" to mean the reduction of IAA induced growth by the in vitro inactivation of the applied IAA. This is an unusual meaning. An inhibition usually means an extension less than that shown by the controls due to a reaction in vivo between the inhibitor and a metabolite intimatelv concerned with a growth process. The absence from their paper of data on the behaviour of pea segments in a medium containing riboflavin alone prevented them from detecting an effect in this sense. But in the conclusion drawn from the pea segment experiment, already quoted in the introduction, "inhibition" conveys its usual meaning for entry and interaction with a growth hormone in vivo are clearly implied. This conclusion must therefore be considered unproven.
Their paper thus presents further examples of in vitro reactions between IAA and RFN and the statement in the summary (and discussion) "By means of in vivo and in vitro experiments it has been established that riboflavin is a photoreceptor in the destruction of auxin by visible light" cannot now be maintained.
The demonstration of an interaction between applied riboflavin and native hormone in vivo is an essential prerequisite for the establishment of a theory of photoperception and all attempts to display this effect have failed. Consequently Galston & Baker's claim to have established the theory does not carry conviction.
The hypothesis that native flavin and native auxin interact in the light in vivo as suggested by Galston (9) has not been excluded by this investigation, but no evidence to support it has yet been found in the literature.
SUMMARY
In order to test the "riboflavin theory of photoperception" proposed by Galston and co-workers factorial experiments were carried out with plumules of oat seedlings which were severed close to the seed. These plumules were then supplied with combinations of riboflavin and IAA in solution via the transpiration stream.
No effect of riboflavin on the growth of the coleoptile was observed nor any interaction with either light or IAA. The flavin content of the plumules was estimated after treatment using the Lactobacillus casei assay method, and it was found that after a 2-hour pretreatment period in the riboflavin solution, the flavin content of the coleoptile was unchanged, whereas that of the immersed tissue was very high. After a 24-hour pretreatment the applied riboflavin had reached the coleoptile.
As the exposure to light was given after a 2-hour pretreatment in darkness the absence of response was accounted for. Illumination after a 24-hour pretreatment also showed neither an effect of riboflavin, nor an interaction with light. In this experiment riboflavin was known to be present in the coleoptile and the absence of effect must have been due either to a failure of riboflavin to enter the cells or to the absence of a reaction with the naturally occurring auxin.
Efforts to increase the riboflavin content of the coleoptiles of intact seedlings by growing them for long periods in culture media containing riboflavin also failed as assays showed no entry into the plumule but high concentrations in the roots.
Further factorial experiments were therefore carried out using segments of wheat coleoptiles immersed in solutions containing combinations of IAA and RFN. The overall effect of IAA was to promote growth, and of light very strongly to depress it, while riboflavin had no effect at all. Neither 1st nor 2nd order interaction of these factors reached significance.
Experiments on the photolysis of IAA in vitro showed that flavin mononucleotide, acriflavin and lumiflavin decompose IAA in the light almost as effectively as does riboflavin.
RFN and FMN and the flavin content of plant extracts were assayed using Lactobacillus casei. The values obtained for the plant extracts must refer to total flavin content and not to the content of free riboflavin.
In view of these results Galston and Baker's data were re-examined and shown to offer no evidence for their suggestions that riboflavin in the presence of IAA occasions a promotion of growth in darkness, and an inhibition of growth in the light. The "inhibition" in light is shown to be a reduced growth promotion. 
